Benign metastasizing leiomyomas are rare tumors, which are typically found in the lungs and, thus, might be confused with leiomyosarcomas. Further, it is not clear whether the term ''benign metastasizing leiomyoma'' is a misnomer and whether these lesions actually represent low-grade malignant tumors that have a low proliferation index. Micro-RNAs (miRNAs) are small noncoding RNAs, which repress translation. The altered expression of miRNAs has been strongly correlated with the malignant phenotype. In this study, the histologic features, Ki67 index, p53, bcl-2, and miRNA expression were studied in 15 leiomyosarcomas (11 primary lesions and 4 metastases), 8 leiomyomas, and 10 cases of benign metastasizing leiomyoma (9 pulmonary lesions and 1 primary uterine lesion). As expected, the Ki67 index for the benign metastasizing leiomyomas was equivalent to that for the leiomyomas and statistically less than that for the leiomyosarcomas. The mean index was 2.3% (range: 0.9% to 8.8%) for the leiomyomas and 3.4% (range: 0.7% to 8.1%) for the benign metastasizing leiomyomas compared with 28.6% (range: 14.4% to 62.0%) for the leiomyosarcomas (P<0.025). The miRNA, miR-221, which has been associated with a variety of cancers, was detected by in situ hybridization in 13/15 leiomyosarcomas, 0/8 leiomyomas, and 0/10 benign metastasizing leiomyomas. In conclusion, benign metastasizing leiomyomas are indeed most likely benign lesions, and up-regulation of miR-221 expression is an accurate way to differentiate leiomyosarcoma from benign metastasizing leiomyoma.
B enign metastasizing leiomyomas represent a rare disease, which is typically diagnosed in younger women. It is characterized by the appearance of relatively small lung nodules many years after the removal of a histologically unremarkable uterus. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In one study, the mean time period from the hysterectomy to the appearance of the lung lesions was 15 years. 5 The pulmonary nodules show an unequivocal smooth muscle phenotype with a low proliferation index, as expected from their slow growth; the usual estrogen/progesterone receptor positivity suggests their uterine origin. 5 Several different hypotheses have been put forth to explain the phenomenon of benign metastasizing leiomyomas. Some investigators have postulated that these lesions actually represent low-grade leiomyosarcomas. [3] [4] [5] Another theory is that the pulmonary lesions represent the intravascular spread of a benign uterine leiomyoma. This theory is equivalent to a theory of the origin of endometriosis at distant sites such as the lung; it also postulates that benign metastasizing leiomyomas and intravascular leiomyomatosis are related entities. 2, 6 Another proposal is that the extrauterine lesions of benign metastasizing leiomyomas represent independent and multifocal smooth muscle proliferations. 1 The latter theory has been disputed by several groups that have shown, using methods such as variable lengths of the polymorphic CGA repeat and comparative genomic-hybridization and X-chromosomeinactivation analyses, that the pulmonary and uterine lesions in benign metastasizing leiomyomas are indeed clonal. 8, 9 Further, Nucci et al 7 recently showed a chromosomal aberration (19q and 22q terminal deletion), which seems to be characteristic of benign metastasizing leiomyomas. In sum, it now seems most likely that benign metastasizing leiomyomas represent clonal proliferations of lesions that are either benign or represent low-grade malignant processes.
Micro-RNAs (miRNAs) are small, noncoding RNAs of around 18 to 25 nucleotides processed from larger hairpin precursors. MiRNAs help regulate cell processes by suppressing translation after binding to conserved sequences within the 3 0 UTR of mRNA. Although this epigenetic event, much like the hypermethylation of gene promoters, might be important in embryogenesis and normal cell differentiation as has been established in some animal models, 11 most of the attention with miRNAs has focused on their association with oncogenesis. As might be expected, documented targets of miRNAs include several important antioncogenes such as retinoblastoma 1 and the transforming growth factor, beta receptor II. 12 Several hundred miRNAs have been identified; it is anticipated that many more will be discovered if they do indeed have a widespread role in regulating the activity of many diverse mRNAs. 13 Altered expression of several miRNAs, including miR-15, miR-16, miR-221, and miR-376a, have been associated with a wide variety of malignant tumors. [13] [14] [15] [16] [17] Most studies on miRNA expression have used Northern blotting, gene expression arrays, or reverse transcription-polymerase chain reaction; very few have used in situ hybridization analysis. [13] [14] [15] [16] [17] The latter offers the advantage of localizing the miRNA to specific cell type(s). However, in situ hybridization detection is hindered when the probe/target complex is only around 20 bp, 18 as is the case for miRNAs. Despite this, because the miRNAs can be markedly up-regulated with as many as thousands of copies per cell, in situ hybridization could detect these small molecules under the correct stringency conditions. 18 The purpose of this study was to analyze a series of smooth muscle tumors of the uterus and lung, to determine the miRNA expression patterns and to correlate these with the histologic findings, immunohistochemical results, and clinical follow-up.
MATERIALS AND METHODS

Case Selection
All tissues were fixed in 10% buffered formalin. The 9 cases of benign metastasizing leiomyoma were obtained from the consult files of 2 of us (G.J.N. and S.S.). In each case, the pulmonary lesion was available for study; in one of these cases, the uterine lesion was also available for analysis for a total of 10 tissues. The 8 uterine leiomyoma were obtained consecutively from the surgical pathology files at the Ohio State University Medical Center, Department of Pathology. Similarly, the 11 cases of leiomyosarcoma of the uterus were consecutive cases; in 4 of these cases, the metastatic lesion (3 lung, 1 brain) was also available for analysis. In each case, strict adherence to the Institutional Review Board guidelines were followed. We were blinded to case identity when the miRNA in situ hybridization analysis was performed and analyzed. Routine histologic analysis and confirmation of the histologic diagnosis was performed by one of us (G.J.N.).
Immunohistochemistry
Immunohistochemical testing was performed using the Ventana Benchmark System (Ventana Medical Systems, Tuscon, AZ), according to the manufacturer's recommendations. Expression of Ki67, p53, and bcl-2 was carried out, each at 1:100 dilution with the antigenretrieval CC1. Each tissue was also tested (and found positive) with the actin clone HHF-35, to document the smooth muscle nature of the proliferation.
In Situ Hybridization
Our protocol for the detection of RNAs by in situ hybridization has been published earlier. 18 In brief, the tissue was deparaffinized, proteased (30 min in 2 mg/mL of pepsin), washed in sterile water, then in 100% ethanol, and air-dried. The sequence of the probes (Exiqon, Denmark) that contained the lock nucleic acid (LNA)-modified bases, with digoxigenin conjugated to the 5 0 end, were (miR-221)-(5 0 ) AGCTACATTGTCTGCTGGG TTTC; (miR-301)-(5 0 ) CAGTGCAATAGTATTGTCA AAGC; (miR-376a)-(5 0 ) ACGTGGATTTTCCTCTA TGAT. A scrambled probe (a sequence of the lock nucleic acid-modified nucleotides labeled with digoxigenin, which did not correspond with any known miRNA sequence) was also used: (5 0 ) TTCACAATGCGTTATCGGATGT. Given the small size of the miRNA probe, and the concomitant reduced melting temperature of the annealed cDNA complex, hybridization was done at 371C overnight and followed by a low stringency wash in 0.2 Â standard sodium citrate and 2% bovine serum albumin at 41C for 10 minutes. The probe-target complex was seen owing to the action of alkaline phosphatase on chromogen nitroblue tetrazolium and bromochloroindolyl phosphate. Nuclear fast red served as the counterstain. The negative controls included omission of the probe, use of the probe on tissues known to be negative for the miRNA of interest by real-time solution phase reverse transcription-polymerase chain reaction, the scrambled probe, and the internal controls of cell types such as adipocytes and nerve bundles, which typically do not contain amplified miRNAs such as miR-221.
RESULTS
Thirty-three tissues were available for study. These included 8 uterine leiomyomas, 11 uterine leiomyosarcomas [as well as 4 cases-lung (3) and brain (1)-in which the metastases were also available for study, for a total of 15 tissues], and 9 benign metastasizing leiomyomas in which the pulmonary lesion was studied; in one case, the uterine lesion was also available. The age range of the 8 women with leiomyoma was 32 to 54 (mean 47). This compared with an age range of 48 to 55 (mean 52) and 51 to 67 (mean 59), for the women with benign metastasizing leiomyomas and leiomyosarcomas, respectively. The ranges of the tumor sizes for the leiomyoma, benign metastasizing leiomyomas, and leiomyosarcomas were 1.0 to 9.1 cm (mean 4.2 cm), 0.2 to 5.0 cm (mean 1.5 cm), and 5.7 to 15.5 cm (mean 9.8 cm), respectively. The 9 women with benign metastasizing leiomyomas had 2 to 8 pulmonary nodules (mean 3) that had been detected 8 to 15 years after removal of the uterus; in each case, the pulmonary nodule was noted to be well defined; all but one were described as being homogeneous and rubbery; the other lesion was cystic.
Initially, the routine hematoxylin and eosin slides were reviewed, with emphasis on the mitotic index, nuclear atypia, presence of necrosis, and degree of cellularity. In each case, the initial diagnosis was confirmed. Specifically, the leiomyomas and benign metastasizing leiomyomas both showed a mitotic index that ranged from 0 to 2/10 high-power fields, compared with the leiomyosarcomas that showed a mitotic index that ranged from 8 to 24/10 high-power fields. None of the leiomyomas and benign metastasizing leiomyomas showed necrosis, and only one of each showed increased cellularity, but without substantial nuclear atypia. Each of the benign metastasizing leiomyomas was composed of only bland-appearing smooth muscle sharply demarcated from the adjacent pulmonary parenchyma, except for one that demonstrated a few epithelial inclusions. The leiomyosarcomas showed variable amounts of necrosis, and all were highly cellular with clear-cut nuclear atypia. Representative photographs of the histologic findings are presented in Figure 1 .
In the next part of the study, expressions of p53 and bcl-2, as well as of the Ki67 index, were studied for each lesion. The data is presented in Table 1 . Note that the Ki67 index was statistically equivalent for the leiomyomas and benign metastasizing leiomyomas, consistent with the low mitotic index of each type of lesion. The rate of around 3% is statistically equivalent to that of well differentiated, slow-growing cancers, such as certain types of thyroid cancer. 19 In comparison, the Ki67 index for the leiomyosarcomas increased 10-fold. None of the 18 leiomyomas/benign metastasizing leiomyomas were p53-positive, compared with 9/15 of the leiomyosarcomas. Bcl-2 was detected in all the lesions studied, except for 1 of the benign metastasizing leiomyomas. Each of the 33 lesions was positive for smooth muscle actin, confirming their smooth muscle origin. In 4 cases of leiomyo-sarcomas of the uterus, a metastasis (3-lung, 1-brain) was also available for study. In these 4 sets of cases, the p53 results were identical in both the primary lesion and the metastasis. In 3 of the 4 cases, the Ki67 index was also equivalent, defined by showing less than 10% variation between the uterine and the lung lesion. However, in one case, the Ki67 index was 17.2 for uterine cancer and 37.7 in the lung metastasis. Representative photographs of the immunohistochemical results are provided in Figure 2 .
In the next part of the study, the expression pattern of miR-221 was analyzed by in situ hybridization. The results were as follows: 0/8 leiomyomas and 0/10 benign metastasizing leiomyomas were positive for miR-221. In comparison, 13/15 of the leiomyosarcomas were positive for miR-221. No signal was noted in the miR-221-positive cases if the probe was omitted or if a scrambled probe was used ( Fig. 3) . We then studied miR-301 and miR-376a, as these have been less strongly associated with malignant tumors, compared with miR-221. The data are presented in Table 2 . Note that miR-221 was indeed, by far, the most common miR detected by in situ hybridization. MiR-301 was detected in 2 cases, including 1 that was negative for miR-221, and miR-376a was detected in only 1 case. Representative photographs of the miRNA data are provided in Figure 3 . Note that the signal for miR-221 is evident in the malignant cells, but not in the adjacent normal cells (in the areas of fibrosis). Also note that the signal localizes to the cytoplasm and tends to concentrate around the nuclear membrane.
DISCUSSION
The primary finding of this study is that uterine leiomyomas and benign metastasizing leiomyomas are similar in their immunohistochemical profiles (p53negative, bcl-2-positive, and a low proliferation index) and in their lack of detectable expression of miR-221, miR-301, and miR-376a. In contrast, uterine leiomyosarcomas and their metastases show frequent p53 expression, a much greater proliferation index that is statistically significant, and a high rate of marked up-regulation of miR-221. The much lower frequency of up-regulation of miR-301 and miR-376a underscores the importance of miR-221 in carcinogenesis, which has been found to be increased in a variety of malignant tumors. 12, [14] [15] [16] [17] Considerable debate has taken place regarding the origin and the correct classification of benign *p53 and bcl-2 scoring was defined as positive if at least 10% of the cells showed a clear-cut nuclear signal; in 4 of the benign metastasizing leiomyomas and 3 of the leiomyosarcomas, the bcl-2 test was not performed.
wThe Ki67 index was defined as the percentage of cells with a strong nuclear signal per 100 cells-at least 600 cells were counted per case. FIGURE 2. Immunohistochemical correlates of uterine smooth muscle tumors and their pulmonary counterparts. Panel A shows a typical result for the HHF-35 immunohistochemical test for the pulmonary lesions of the benign metastasizing leiomyomas; the strong signal documents the smooth muscle origin of the lesion. Each of the benign metastasizing leiomyomas was negative for the p53 antigen (panel B). In contrast, note the nuclear-based signal, typical of most of the leiomyosarcomas (panel C, arrow). Panel D shows the strong signal for bcl-2, noted in the pulmonary lesion of the benign metastasizing leiomyoma, which is indicative of its uterine origin.
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Diagn Mol Pathol Volume 17, Number 3, September 2008 metastasizing leiomyomas. Some investigators have concluded that benign metastasizing leiomyomas are actually low-grade leiomyosarcomas. [3] [4] [5] Others have postulated that the pulmonary lesions of benign metastasizing leiomyomas represent multifocal smooth muscle proliferation, in women with uterine leiomyomas. 1 The other theory is that benign metastasizing leiomyomas are benign uterine lesions that are capable of entering the vascular system and being deposited at sites such as the lungs; although, the lesions in the lungs might take up to 20 years to grow large enough to be detectable. 2, 6 The demonstration, in this and other studies, 20 that benign metastasizing leiomyomas are often bcl-2-positive, which is typical of uterine leiomyomas, does not favor the multiorgan smooth muscle proliferation theory. More importantly, several groups have shown that the uterine lesions and associated benign metastasizing leiomyomas are clonal proliferations 8, 9 : this strongly suggests that the latter are either truly benign processes that have entered the vascular system (as it is generally recognized as one mechanism by which endometriosis can be found at distant sites) or low-grade sarcomas. The Ki67 index cannot differentiate between these 2 possibilities, as slowgrowing well differentiated cancers, such as those that occur in the thyroid or prostate, can have Ki67 indexes equivalent to or even less than that noted in this study for uterine leiomyomas. 19 miRNAs are small sequences of RNA, which are capable of binding to the 3 0 untranslated region of mRNAs, and which ultimately lead to reduced translation. Although the study of miRNAs is relatively new, it is clear that aberrant regulation of these molecules is characteristic of many cancers. [12] [13] [14] [15] [16] [17] The aberrant regulation might be the loss of the miR, such as miR-15 and miR-16, which is associated with an increase in the production of bcl-2 that can facilitate the evolution of chronic lymphocytic leukemia. 13 More commonly, however, the aberrant regulation manifests itself as increased miRNA production, typical of miR-221 in pancreatic and other cancers. 14, 15, 17 This is consistent with the observation in this study that miR-221 was found to be up-regulated in 87% of leiomyosarcomas. To our knowledge, this is the first study to document the up-regulation of any miRNA in uterine leiomyosarcomas. Importantly, we did not detect miR-221 (or miR-301/miR-376a) either in the 10 benign metastasizing leiomyomas or in the 8 leiomyomas studied. This suggests that benign metastasizing leiomyomas are indeed benign tumors. This statement must be tempered by the realization that there is little information on miRNA expression in low-grade malignant tumors, especially sarcomas. Moreover, our study did not address the loss of expression of any miRNAs, which can be found in malignant lesions as well.
In this regard, a recent paper showed that 5 miRs (let-7, let-21, let-23b, let-29b, and let-197) were dysregulated in benign leiomyomas, suggesting that these molecules might play a role in the increased growth rate of these benign lesions, without conferring a malignant phenotype. 21 Interestingly, this study noted that miR-221 was not dysregulated in benign leiomyoma. 21 Uterine smooth muscle tumors provide an interesting format to study the role of miRNAs. Most of these lesions are benign, but can show a high proliferation index, especially in the context of pregnancy or with certain types of exogenous hormonal therapy. This per se does not seem to be associated with miR-221 dysregulation, as noted above. Another category of uterine smooth muscle tumor is the so-called smooth muscle tumor of uncertain malignant potential, typically marked by increased cellularity and variable degrees of nuclear atypia and mitotic activity. These lesions were not addressed in this study, as the focus was on benign metastasizing leiomyomas. However, the data with leiomyosarcomas suggests that special emphasis on certain miRNAs, especially miR-221, can be useful in this regard. Benign metastasizing leiomyomas are very slow-growing lesions that are able, in ways that are unclear, to enter the vascular system and get seeded at other sites, such as the lung, despite the fact that they do indeed seem to be benign. Finally, with regard to leiomyosarcomas, the strong association with miR-221 expression might help in better elucidating the specific pathways that are essential for the formation and maintenance of the malignant phenotype. This might in some way be related to the loss of 19q and 22q, in view of the recent observation by Nucci et al. 7 The importance of such putative pathways is underscored by the data, which shows that increased miR-221 expression can be found in many diverse cancers, including pancreatic adenocarcinoma, glioblastoma multiforme, and chronic lymphocytic leukemia. [14] [15] [16] [17] 
